The aim of the present study was to investigate the effects of cobalt nanoparticles (CoNPs) on the proliferation and differentiation of human osteoblasts in vitro, and to investigate the molecular mechanisms via which CoNPs affect proliferation and differentiation of osteoblasts. The MG-63 human osteoblast cell line was treated with different concentrations of CoNPs for 12 to 48 h in vitro. At each time point, cell morphology was observed and an MTT assay was performed to assess cell viability. Alkaline phosphatase (ALP), osteocalcin (BGLAP), collagen I (COL I), osteoprotegerin (OPG) and receptor activator of nuclear factor κ-B ligand mRNA expression levels, and ALP, BGLAP and COL protein expression levels, were assessed by reverse transcription-quantitative polymerase chain reaction and western blotting, respectively. The viability of MG-63 cells decreased significantly after treatment with CoNPs. As CoNP concentration increased, a higher growth inhibition and cell death was observed. Compared with CoNPs, treatment with the same concentration of Co 2+ may have a greater inhibitory effect on the growth of MG-63 cells. CoNPs affected the mRNAs expression levels of ALP, BGLAP, COL I and OPG in MG-63 cells, and reduced the protein expression levels of ALP, BGLAP and COL I. In conclusion, the present study demonstrated that CoNPs induce cytotoxic effects on MG-63 cells by markedly reducing cell viability and inducing cell death at high concentrations. In addition, CoNPs may inhibit the function and differentiation of osteoblasts by affecting the mRNA and protein expression levels of associated genes. The results of the present study indicate that CoNPs may serve an important role in the aseptic loosening mechanism following total joint replacement surgery, particularly in situations where metal on metal prostheses are used. Further study into inhibiting this effect is required.
Introduction
In recent years, there has been a marked increase in the number of joint replacement surgeries. According to Food and Drug Administration records, ~400,000 hip arthroplasty procedures are performed every year in the US alone (1) . As metals and metal prosthesis exhibit remarkable stability and abrasion resistance, they have been widely used in surgeries involving joint replacement and bone damage repair (2) . However, abrasion and invasion of the prosthesis have been demonstrated to release large amounts of metal particles and ions, with the major components being cobalt (Co) and chromium (Cr) particles (3) . Several recent studies have discussed the toxic effects of increased whole blood levels of Co and Cr following metal-on-metal hip arthroplasties and other orthopedic surgical procedures that involve prosthetic implants (4) (5) (6) (7) . However, the potential risks of increased Co-Cr levels and their safety levels remain to be established (8) .
It is understood that no biomaterials are completely inert, and an interaction between the material and human body often elicits an immune response. Metallic implants have been reported to break down or corrode over time, leading to release of soluble ions that may have both local and systemic effects (9) . It is therefore important to identify the safe levels of these byproducts, and the risks associated with their elevated levels.
Several studies have monitored Co ion concentrations in patients following hip arthroplasties (4, 5) . Certain patients were suspected to exhibit symptoms of cobalt toxicity (mostly neurological dysfunction), as identified by previous cases of inhalation and ingestion of excess cobalt (8) . However, the mechanism of cobalt toxicity remains to be identified, and there is no comparative data on symptomatic and asymptomatic patients with cobalt-containing metal alloy prosthetics.
In vitro studies have demonstrated that at concentrations higher than 100 µ/l, Co nanoparticles (CoNPs) and Co ions reduce the viability of MG-63 cells, inhibit cell growth and induce apoptosis (10) (11) (12) (13) (14) . Both Co(2+) and Cr(6+) cause a reduction in numbers of and resorption in mature osteoclasts (15, 16) . A study on SaOS-2 osteoblast-like cells has demonstrated that exposure to Co and Cr ions and nanoparticles affect osteoblast function and mineralization of the prosthesis surface (17) . CoNPs and ions have also exhibited biological toxicity against monocytes (18) , and affect osteogenic differentiation of mesenchymal stem cells (19) . Intraperitoneal administration of cobalt has been revealed to alter serum parameters associated with bone metabolism, and may potentially induce bone resorption in adult rats (20) . Mice osteoblasts treated with Co for 48 h in vitro exhibited changes in morphology and an increased secretion of the cytokine receptor activator of nuclear factor κ-B ligand (RANKL), which may activate osteolysis (21) .
Several key transcription factors regulating different stages of skeletogenesis, and their modes of action and regulation by other factors have been studied in the past (22) . It may be worthwhile to examine the effects of CoNPs on some of these key transcription factors.
To the best of our knowledge, there are no previous studies investigating whether low doses of CoNPs affect growth and differentiation of human osteoblasts. In the present study, MG-63 cells were treated with CoNPs and cell growth, survival and death were examined. Additionally, the expression levels of genes responsible for osteogenic differentiation, alkaline phosphatase (ALP), osteocalcin (BGLAP), collagen I (COL I) and osteoprotegerin (OPG) were detected.
Materials and methods
Cell line and reagents. The MG-63 human osteosarcoma cell line was purchased from the Shanghai Institute for Life Science, Chinese Academy of Sciences (Shanghai, China). The cells were cultured in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and 100 µg/ml streptomycin sulfate (Sigma-Aldrich; Merck KGaA). The culture medium was changed every alternate day. Sterilized CoNPs (Shanghai ChaoWei Nanotechnology Co., Ltd, Shanghai, China) were prepared in PBS to obtain a concentration of 5 mM and stored at room temperature. The solution was further diluted with PBS after ultrasonic oscillation to obtain different concentrations required for the experiment. Ultra-pure water was used to prepare 5 mM CoCl 2 solution, which was sterilized by filtration, and stored at 4˚C until use.
CoNP treatment. To assess alterations in cell morphology, MG-63 cells were seeded into 24-well culture plates at a density of 4x10 5 cells/well, and treated with 0.01, 0.1, 0.3 or 0.5 mg/ml of CoNPs for 12 or 24 h. The control cells were treated with PBS. Cells were analyzed under an inverted microscope (Olympus Corporation, Tokyo, Japan).
MTT assay. MG-63 cells were seeded into 96-well culture plates at a density of 1x10 5 cells/well, and treated 0.01, 0.1, 1, 10 or 100 mg/ml CoNPs or Co 2+ for 6, 12, 24 and 48 h in triplicate. Control cells were treated with PBS. A total of 20 µl 5 mg/ml 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-diphenytetrazoliumromide (Sigma-Aldrich; Merck KGaA) was added into each well after the treatment and cultured for 2 h. The cells were then centrifuged at 94 x g for 20 min at room temperature, the supernatant was discarded and 50 µl dimethyl sulfoxide was added into each well. The cells were oscillated at low frequency for 10 min until the crystals dissolved completely. The optical density at a wavelength of 570 nm was read by a microplate reader (calibrated at 630 nm).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Cellular RNA was extracted using RISO RNA isolation reagent (Biomics USA, Co., Ltd., San Francisco, CA, USA) according to the manufacturer's protocol. cDNA preparation was carried out by reverse transcription as follows: 2 µg total RNA, 1 µl oligo (dT) 18 primer, 4 µl 5X Reaction Buffer, 1 µl Ribolock™ RNase inhibitor (Fermentas; Thermo Fisher Scientific, Inc.), 2 µl 10 mM dNTP Mix, 1 µl RevertAid™ M-MLV Reverse Transcriptase (Takara Biotechnology Co. Ltd., Dalian, China), and 9 µl diethyl pyrocarbonate. The mixture was incubated at 42˚C for 60 min, followed by incubation at 70˚C for 5 min to end the reaction. The products were stored at -20˚C until use.
For qPCR, a SYBR Green kit (Roche Diagnostics GmbH, Mannheim, Germany) was used with an Applied Biosystems 7500 Real Time PCR instrument. The 20 µl reaction mix Table I . Primer sequences for reverse transcription-quantitative polymerase chain reaction.
Gene
Primer sequence (1:5,000; cat. no. A3682) and rabbit anti-goat IgG (1:5,000; cat. no. A8919) (both from Sigma-Aldrich; Merck KGaA). An Enhanced Chemiluminescence assay (EMD Millipore, Billerica, MA, USA) was used to detect proteins, and images were captured using a gel imaging system (VersaDoc Imaging System, Bio-Rad Laboratories, Inc., Hercules, CA, USA) and the densitometry was quantified using ImageJ 1.41 software (National Institutes of Health, Bethesda, MD, USA).
Statistical analysis.
The above experiments were all repeated in triplicate. SPSS 19.0 software (IBM Corp., Armonk, NY, USA) was used for the statistical analysis. All the data are presented as the mean ± standard deviation. For comparison of more than two groups, one-way analysis of variance followed by a Bonferroni-Dunn post hoc test was used. P<0.05 was considered to indicate a statistically significant difference.
Results

Identification of CoNPs.
CoNPs were observed via electron microscopy. The CoNPs were of homogenous size with the mean diameter being 50 nm. X-ray diffraction demonstrated that the sizes of the particles were mainly between 20 and 40 nm, and the percentage of Co was 99.9±0.001%, while the other components including iron, silver, copper, tungsten and nickel were all <0.01% (Table II ; Fig. 1 ).
Effects of CoNPs on the morphology and viability of MG-63 cells.
The MG-63 cells were treated with 0.01, 0.1, 0.3 or 0.5 mg/ml of CoNPs for 12 or 24 h and then analyzed microscopically. The results indicated that the cell morphologies changed slightly after treatment with 0.01 and 0.1 mg/ml CoNPs. When the cells were treated with CoNPs at concentrations of 0.3 mg/ml or higher, retraction of cellular pseudopods, pyknosis of the cytoplasm and cell death was observed. Cell death was observed when incubated with CoNPs for 12 h, and it increased further after 24 h and was accompanied by an increase in CoNP concentration. The highest cell death was observed in cells treated with 0.5 mg/ml of CoNPs for 24 h (Fig. 2) . MTT assay was used to evaluate cell viability after treatment with different concentrations of CoNPs or Co 2+ for 6, 12, 24 or 48 h. After treatment with different concentrations of CoNPs or Co 2+ for 6 h, the viability of the cells was significantly reduced compared with the control group (P<0.05). Cell viability decreased in a dose-dependent manner. In comparison to CoNPs, a reduction in cell viability was more pronounced at the same concentration of Co 2+ (P<0.05). The reduction in cell viability increased with an increase in the duration of treatment, and peaked at 48 h (Fig. 3) .
Effects of CoNPs on mRNA and protein expression levels of ALP, BGLAP, Col I, OGP and RANKL.
RT-qPCR was performed to evaluate the mRNA expression of ALP, BGLAP, Col I, OGP and RANKL in MG-63 cells treated with different concentrations of CoNPs. After the cells were treated with 0.01, 0.1 and 0.3 mg/ml CoNPs for 12 or 24 h, the mRNA expression levels of ALP, BGLAP, COL I and OPG decreased significantly (P<0.05) in a concentration-dependent manner. An upward trend in RANKL mRNA levels were observed at a CoNP concentration of 0.3 mg/ml; however, this increase was not statistically significant (Fig. 4) . The reduction in mRNA expression levels was also confirmed by measuring the protein expression levels by western blotting (Fig. 5 ). The ALP, BGLAP and COL I protein expression levels decreased significantly when the cells were treated with 0.3 mg/ml CoNPs for 12 h. Thus, CoNPs affected the mRNA and protein expression levels of ALP, BGLAP and COL I in MG-63 cells in a concentration-dependent manner, and may affect osteogenesis.
Discussion
The findings of the present study show demonstrated increased cell death and decreased survival in CoNP-treated MG-63 cells. In addition, CoNP treatment affected the mRNA and expression levels of ALP, BGLAP, COL I and OPG, genes responsible for osteogenic differentiation, and the protein expression levels of ALP, COL I and BGLAP.
Previous studies on mice osteoblasts and animal models have revealed that Co 2+ and Cr 3+ may inhibit the proliferation of mice osteoblasts, and induce cytotoxic effects on cells. In human osteoblasts, CoNPs and Co 2+ may also inhibit the proliferation of osteoblasts, cause cell apoptosis and induce the release of inflammatory cytokines such as tumor necrosis factor-α and interleukin-6 (13, 24, 25) . The present study also confirmed that CoNPs at concentrations between 0.01 and 0.5 mg/ml may inhibit the growth of osteoblasts.
High concentrations of CoNPs have been demonstrated to induce cell apoptosis (16) . Further investigation on the functions of osteoblasts and expression of relevant genes revealed that CoNPs could inhibit the functions of osteoblasts, reduce the expression levels of ALP and COL I, genes that are required for bone matrix maturation, and decrease the expression of the BGLAP gene that is required for mineralization (26) . The process of osteolysis has also been identified to be regulated by CoNPs, which may downregulate the inhibitory RANKL ligand OPG to increase bone absorption of osteoclasts (27) . The results of the present study also indicated that in MG-63 cells, both mRNA and protein expression levels of genes responsible for osteogenic differentiation, ALP, BGLAP, COL I and OGP, are affected by low levels of CoNP treatment. Therefore, CoNPs may not only affect the growth and differentiation of osteoblasts, but also indirectly upregulate the lysis and absorption of the bone by osteoclasts.
Metal prostheses can release large amounts of Co 2+ and CoNPs due to biological and chemical corrosion, mechanical abrasion and oxidation of the metals (16) . Andrews et al (16) demonstrated that Co 2+ potentially had a greater inhibitory effect on the growth of MG-63 cells compared with CoNPs, and the IC50 for inhibiting the growth of MG-63 cells was lower than CoNPs. Co 2+ can diffuse in solutions more easily compared to CoNPs, which may be why there are more pronounced effects post-treatment with Co 2+ .
In conclusion, the present study demonstrated that CoNPs induce cytotoxic effects on MG-63 cells by markedly reducing cell viability and inducing cell death at high concentrations. In addition, CoNPs may inhibit the function and differentiation of osteoblasts by affecting the mRNA and protein expression levels of associated genes. These results revealed the poten-ed the poten-the potential negative effect of CoNPs on prosthesis aseptic loosening following total joint replacement surgery. Inhibition of this effect should be further investigated.
